Magnetotactic bacteria have the ability to orient along geomagnetic field lines based on the formation of magnetosomes, which are intracellular nanometer-sized, membrane-enclosed magnetic iron minerals. The formation of these unique bacterial organelles involves several processes, such as cytoplasmic membrane invagination and magnetosome vesicle formation, the accumulation of iron in the vesicles, and the crystallization of magnetite. Previous studies suggested that the magA gene encodes a magnetosome-directed ferrous iron transporter with a supposedly essential function for magnetosome formation in Magnetospirillum magneticum AMB-1 that may cause magnetite biomineralization if expressed in mammalian cells. However, more recent studies failed to detect the MagA protein among polypeptides associated with the magnetosome membrane and did not identify magA within the magnetosome island, a conserved genomic region that is essential for magnetosome formation in magnetotactic bacteria. This raised increasing doubts about the presumptive role of magA in bacterial magnetosome formation, which prompted us to reassess MagA function by targeted deletion in Magnetospirillum magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1. Contrary to previous reports, magA mutants of both strains still were able to form wild-type-like magnetosomes and had no obvious growth defects. This unambiguously shows that magA is not involved in magnetosome formation in magnetotactic bacteria.
M
agnetotactic bacteria (MTB) form magnetosomes, which are organelles for orientation along geomagnetic field lines to facilitate the navigation of MTB within aquatic habitats (7) . In magnetospirilla and other MTB, magnetosomes consist of membrane-enveloped single-domain magnetite (Fe 3 O 4 ) crystals, which are aligned in chains by cytoskeletal structures (5) .
Their fastidiousness and difficult cultivation, as well as the lack of genetically tractable laboratory strains, hampered the molecular analysis of magnetosome formation for many years. In the first report on successful gene transfer to MTB, Matsunaga and colleagues isolated five Tn5 transposon mutants of the alphaproteobacterium Magnetospirillum magneticum AMB-1 (referred to here as AMB-1), which had lost the ability to synthesize magnetosomes (24) . Two of these mutants (NM3 and NM5) had Tn5 insertions in the same gene (24) , called magA, which encodes a protein with weak similarity to the Escherichia coli potassium efflux protein KefC (29) . Based on results of promoter fusion to firefly luciferase, the same authors also reported that magA transcription was enhanced by low iron concentrations (29) . Apparently consistent with its putative function in magnetosome formation, it was also reported that luciferase gene fusions with MagA localized to the cytoplasmic as well as to the magnetosome membrane (29) . In addition, inverted vesicles prepared from fragmented membranes of Escherichia coli DH5␣ expressing magA exhibited ATPdependent iron accumulation; from this finding it was concluded that MagA is a magnetosome-directed iron transporter (28) . MagA also was suggested for use as an anchor protein to display foreign polypeptides on the surface of bacterial magnetosomes by genetic fusions (26) .
A more recent study by a different laboratory, in which the targeted deletion of magA in AMB-1 supposedly resulted in the loss of the ability to form magnetosomes, seemed to confirm the reported essential function of magA (36) . However, there still is a lack of evidence for the suggestion that the observed nonmagnetic phenotypes were caused by the loss of magA function, since neither this mutant nor the original transposon mutant (24) were shown to be complemented by a wild-type copy of magA.
Results of more recent studies on AMB-1 and the closely related Magnetospirillum gryphiswaldense MSR-1 (referred to here as MSR-1) seemed to be inconsistent with an involvement of MagA in magnetosome synthesis. Several independent proteomic studies, for example, failed to identify MagA in the magnetosome membrane of AMB-1 (38) and MSR-1 (10, 11, 22) . In addition, MagA-luciferase protein fusions exhibited 1,000-fold lower magnetosome-associated luminescence compared to those of luciferase fusions with the well-studied magnetosome membrane protein MamC (also known as Mms13) (45) . Furthermore, comparative genome analyses of MTB did not identify magA among the conserved signature genes for magnetotaxis (32) and showed that magA is not located within the genomic magnetosome island (MAI). This region now is assumed to harbor most, if not all, of the genes that are essential for magnetosome formation (8, 22, 27, 42) , and it has been found to be more or less conserved in all MTB (1, 13, 14, 16) . Although these observations increasingly questioned the proposed role of MagA, this protein still is being widely discussed as an essential determinant of magnetosome synthesis (2, 12, 20, 25) .
More recently, further ambiguity was caused by two studies which suggested using magA as a reporter gene for in vivo cellular and molecular imaging in mammalian cell lines by magnetic res-onance imaging (MRI) because of its putative iron transport activity (9, 46). Goldhawk et al. (9) described that the expression of magA in N2A mouse neuroblastoma cell lines resulted in elevated intracellular MRI contrast due to the increased iron load of the cells. Even more intriguingly, Zurkiya et al. (46) reported that the expression of magA in human 293FT cell lines was sufficient to cause the biomineralization of small magnetite particles.
To resolve these conflicting observations, we reassessed MagA Table S2 in the supplemental material.
function by the targeted deletion of magA in MSR-1 and AMB-1. magA mutants of both strains showed no phenotypic effects and still were able to produce wild-type-like magnetosomes. This indicates that, contrary to previous assumptions, MagA is not involved in bacterial magnetosome formation.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids are described in Table 1 . E. coli BW29427 was grown in lysogeny broth (LB) supplemented with 1 mM DL-␣,-diaminopimelic acid and gentamicin (15 g ml Ϫ1 ), kanamycin (25 g ml Ϫ1 ), or tetracycline (50 g ml Ϫ1 ) at 37°C with vigorous shaking (200 rpm). MSR-1 and AMB-1 strains were grown in modified flask standard medium (FSM) with 50 M ferric citrate as described previously (41) . Molecular and genetic techniques. Unless specified otherwise, molecular techniques were performed using standard protocols (33) . DNA was sequenced using BigDye Terminator v3.1 chemistry on an ABI 3700 capillary sequencer (Applied Biosystems, Darmstadt, Germany). Sequence data were analyzed using 4Peaks software (http://mekentosj.com /4peaks). All oligonucleotide primers (see Table S1 in the supplemental material) were purchased from Sigma-Aldrich (Steinheim, Germany).
Generation of magA deletion strains in MSR-1 and AMB-1. An inframe magA deletion mutant of MSR-1 was generated by a three-step Cre-lox-based method (43) . Therefore, a 450-bp PCR fragment of the magA upstream flanking region was inserted into the NotI/EcoRI restriction sites of pAL01. The resulting vector pMagAup then was transferred to MSR-1 by conjugation using Escherichia coli BW29427 as a donor strain to yield strain RU-2. After the verification of the correct single-crossover insertion of pMagAup, a second integration vector, pMagAdo, containing a 2-kb SacI/SacII-digested PCR fragment of the magA downstream flanking region, was transferred to strain RU-2 to generate strain RU-3. The Cre recombinase-encoding plasmid pCM157 was transferred to strain RU-3 to induce the Cre recombinase-mediated excision of magA by sitespecific recombination between the lox66 and lox71 sites located on the integration vectors. Exconjugants were screened for magA excision by PCR and cured from pCM157 by repeated passaging in fresh FSM.
For the generation of an AMB-1 in-frame magA mutant, 1.25 kb of the magA flanking regions was amplified and inserted into pAL01 and pAL02/2, respectively, to generate the integration vectors pAMB_magAup and pAMB_magAdo. Using E. coli BW29427 as a donor strain plasmid, pAMB_magAup was transferred to AMB-1 to generate strain ARU-1. Strain ARU-2 was generated by the insertion of pAMB_magAdo. After the transfer of pCM157 into strain ARU-2, exconjugants were screened for the Cre-mediated deletion of magA and cured from pCM157 by repeated passaging in fresh FSM.
Southern blotting. Approximately 10 g of MSR-1 genomic DNA was digested with ClaI. The DNA fragments were resolved on a 1% agarose gel and blotted onto a nylon membrane (Protran supercharge; Whatman) using standard procedures. A PCR-amplified magA probe was labeled using an [␣- 32 2) for 5 min, followed by two additional wash steps in 40 mM Na 2 HPO 4 -NaH 2 PO 4 , 1% (wt/vol) SDS, 1 mM EDTA, pH 7.2, for 10 min. After the membranes were washed, they were exposed to a phosphor screen (Kodak storage phosphor screen; Molecular Dynamics, Krefeld, Germany) for 1 day, and the hybridized signals were captured as image files by using a Storm 840 Scanner (Molecular Dynamics, Krefeld, Germany).
Analytical methods. Transmission electron microscopy (TEM) analyses were performed as described previously (17) .
The average magnetic response of MSR-1 or AMB-1 cell suspensions (C mag ) was assayed by a light-scattering method in which cells were aligned at different angles relative to a light beam by means of an external magnetic field (34) . The ratio of the resulting maximum and minimum scattering intensities (C mag ) is correlated with the average number of magnetic particles and can be used for a qualitative assessment of magnetite formation.
Bioinformatic analyses. Multiple-sequence alignments and the similarity trees were generated with MEGA4 software (37) . Sequences were aligned by ClustalW (default settings), and the similarity trees were constructed using the neighbor-joining (NJ) method and the bootstrap (1,000 replicates) phylogeny test.
RESULTS AND DISCUSSION
MagA is encoded by the first gene of a putative bicistronic operon that is conserved in species. Based on sequence similarity, MagA groups within the ubiquitous monovalent cation-proton antiporter (CPA) subfamily CPA2 (Fig. 1) . The affiliation of MagA with this protein family does not support previously observed ATP-dependent ferrous iron transport activity of MagA (29), since members of the CPA2 subfamily have been shown to exclusively transport monovalent cations (e.g., K ϩ , Na ϩ , or NH 4 ϩ ) in exchange for protons (4) to regulate alkali resistance, electrophile resistance, osmoregulation, and endospore germination (3, 6, 31, 39) . Further sequence analyses revealed that the MagA proteins of the magnetospirilla lack a putative Rossmann-fold NAD(P) ϩ -binding domain, which is present in all other CPA2 proteins of MTB. These analyses showed that MagA is confined to strains of Magnetospirillum but is absent from the genomes of other MTB (Fig. 1) , arguing against a universal role in magnetosome formation.
To analyze its function, we constructed an unmarked in-frame deletion mutant of magA in our model organism MSR-1 ( Fig. 2A  and B) . All 24 examined MSR-1 ⌬magA clones still were mag ϩ , i.e., they aligned along magnetic field lines with wild-type-like C mag values in magnetic response assays. In addition, under standard conditions no obvious effects on the growth of the mutant were observed. Transmission electron microscopic (TEM) analyses of one randomly picked magA mutant clone (strain RU-4) ( Fig. 2A) confirmed the presence of magnetosome crystals, which were indistinguishable from the WT with respect to their size, shape, and alignment ( Fig. 2C and D) .
To exclude the possibility that further, potentially redundant homologs of magA are present within the incompletely assembled genome of MSR-1 (32), we performed Southern blot analysis of digested genomic DNA from MSR-1. Using magA as a probe, this indicated that as in AMB-1, magA is present only in a single copy in the genome of MSR-1 (Fig. 2B) .
In contrast to most other essential magnetosome proteins, e.g., MamB or MamM, which generally have similarities of 89 to 98% between AMB-1 and MSR-1 (40), MagA is rather poorly conserved and shows a comparably high sequence divergence between MagA of MSR-1 and AMB-1 or MS-1 (78 and 77% similarity, respectively) ( Table 2 ), leaving the possibility that the function of MagA of MSR-1 is distinct from that of MagA of AMB-1. Therefore, the deletion of magA also was performed in AMB-1. As in MSR-1, all tested AMB-1 magA mutant clones still were able to align along magnetic field lines in magnetic response assays. TEM analyses of one AMB-1 ⌬magA clone (strain ARU-3) (Fig. 3A) confirmed the presence of wild-type-like magnetosomes (Fig. 3B  and C) . Hence, it can be concluded that MagA is not involved in magnetosome formation in AMB-1 as well.
The magnetic phenotypes of the MSR-1 and AMB-1 magA mutants constructed during this study, together with the magA localization outside the MAI, its poor conservation among MTB, and the affiliation of MagA with the CPA2 subfamily, clearly contradict the results of previous studies (24, 36) . However, as mentioned above, all previous genetic studies were lacking appropriate experimental controls, i.e., they failed to demonstrate that wildtype-like phenotypes could be restored by the reintroduction of magA (24, 36) . Thus, it can be speculated that the previously observed nonmagnetic phenotypes likely were due to the accidental isolation of clones coincidentally harboring an undetected spontaneous second-site mutation, leading to the wrongful conclusion of a role of MagA in magnetosome formation. It has been well established that spontaneous nonmagnetic mutations may arise at high frequencies in cultures of various MTB, including AMB-1, which are due to RecA-dependent rearrangements within the MAI, causing extended deletions of the essential mamAB operon of AMB-1 and MSR-1 (8, 19, 42) . This has already been described to potentially obscure genetic analysis in the absence of appropriate controls (15, 21, 30) .
The lack of any obvious phenotypic effects also argues against an essential role of MagA in metabolism, thus the real function of MagA remains to be identified. Although beyond the scope of our study, it can be speculated that MagA has a function in the homeostasis of monovalent cations, such as sodium or potassium, under certain, still-unexplored growth conditions. In apparent contrast to its lack of function in bacterial magnetite biomineralization, the heterologous expression of magA in mammalian cell lines reportedly caused rather drastic effects, resulting in a 7-fold increased intracellular iron content or the formation of small magnetite particles (9, 46) . However, the disparity of these observations argues against effects associated with the genuine function of MagA and could be explained by pathological consequences of gene expression or artificially high iron levels used in these studies.
In conclusion, the findings of this study unambiguously demonstrate that, contrary to previous reports, MagA is not involved in magnetosome formation, and they lend further support to the assumption that the MAI contains all essential genes required for magnetosome formation, which might have been distributed by horizontal gene transfer (13, 27, 43) .
